Abstract: This paper investigates the output feedback control problem of a vehicle platoon with a constant time headway (CTH) policy, where each vehicle can communicate with its consecutive vehicles. Firstly, based on the integrated-sliding-mode (ISM) technique, a neural adaptive sliding-mode control algorithm is developed to ensure that the vehicle platoon is moving with the CTH policy and full state measurement. Then, to further decrease the measurement complexity and reduce the communication load, an output feedback control protocol is proposed with only position information, in which a higher order sliding-mode observer is designed to estimate the other required information (velocities and accelerations). In order to avoid collisions among the vehicles, the string stability of the whole vehicle platoon is proven through the stability theorem. Finally, numerical simulation results are provided to verify its effectiveness and advantages over the traditional sliding-mode control method in vehicle platoons.
Introduction
Vehicle platoon control has received substantially increasing interest from many institutions, such as the program of the Partners for Advanced Transit and Highways (PATH) in California [1] , the Grand Cooperative Driving Challenge (GCDC) in Netherlands [2] , Safe Road Trains for the Environment (SARTRE) in Europe [3] and Energy-ITSin Japan [4] . It has many advantages for road traffic, e.g., reducing fuel consumption (potentially up to 20%), enhancing traffic safety (anticipated 10% reduction in fatalities), as well as increasing driver convenience (autonomous systems for following vehicles) [3] . The objective of vehicle platoon control is to design an algorithm such that the vehicles in the platoon can move with the desired inter-vehicle distance [5] .
In recent years, many researchers have focused on the vehicle platoon control from different perspectives, such as node dynamics (ND) [6] [7] [8] [9] [10] , information flow topology (IFT) [11] [12] [13] [14] [15] , formation geometry (FG) [16, 17] , control methods (CM) [18] [19] [20] [21] [22] [23] [24] [25] [26] and platoon performance (PP) [27] [28] [29] . To the best of our knowledge, many vehicle platoon control algorithms adopt the full state feedback technique, which means that the designed algorithm needs the position, velocity and acceleration information for a second-order system, to achieve closed-loop control. For instance, in [7, 30] , distributed consensus strategies that need the full state of vehicles are proposed for vehicle platoon. In [31] [32] [33] , distributed adaptive sliding-mode algorithms are developed for string stability of the whole vehicle platoon, while the position, velocity and acceleration information need to be obtained. However, the acquisition of this information requires many sensors, which would definitely increase the communication load. To this end, the output feedback techniques can be employed to reduce the required information of controllers. For instance, in [34] , in order to reduce the required information of
•
First, a neural adaptive sliding-mode control algorithm is developed for a vehicle platoon with the CTH policy by using the ISM technique. Compared with the results in [31] , the main advantage of this paper is that the CTH policy is more flexible than the CS policy [38] . This is because the CTH policy is related to velocity, not a rigid and constant value. Moreover, the proposed algorithm can release the acceleration information of followers.
To further reduce the communication load, we apply a higher order sliding-mode observer to estimate the information of velocity and acceleration. Based on this observer, a novel output feedback control algorithm is proposed for the multi-vehicle systems. The string stability of the whole vehicle platoon is proven by limiting the ratio, which takes into account the Laplace transform value of the i-th vehicle and its preceding vehicle.
The remainder of this paper is organized as follows. The problem formulation and preliminaries are described in Section 2. In Section 3, the output feedback control algorithm for the whole vehicle platoon is proposed. Numerical simulations in Section 4 show the effectiveness and advantages of our proposed algorithms. The conclusion is given in Section 5.
Problems Formulation and Preliminaries
As shown in Figure 1 , a string of autonomous vehicles move in a platoon, which includes a leader vehicle and n followers. Additionally, each follower regulates its motion according to the received information (e.g., position, velocity, acceleration, etc.) from its neighboring vehicles. The longitudinal dynamics of the i-th vehicle can be described by:
where M i is the mass of the i-th vehicle and r i (t) and v i (t) denote the position and velocity of the i-th vehicle, respectively. F i (t) denotes the actuator output force of the i-th vehicle. In addition, f i describes the unknown driving resistance dynamics. 
The objective of this paper is to design a neural adaptive sliding-mode control algorithm for the whole vehicle platoon based on the CTH policy such that the following targets can be achieved:
•
The position tracking error of each vehicle in the platoon is bounded, i.e., e r,i ≤ ρ, where ρ is a small positive constant and e r,i represents the position tracking error defined in (4);
The string stability of the whole vehicle platoon can be guaranteed, i.e., |e r,n | ≤ |e r,n−1 | ≤ · · · ≤ |e r,1 |; •
The control algorithm uses few the information of vehicles.
Before proceeding to the design of the neural adaptive sliding-mode control algorithm, we give the following lemmas that will be used throughout the paper. Lemma 1. [39] There is a continuous function V(t) ≥ 0, and V(0) is bounded. Then, V(t) is bounded if the following inequality holds:
where p 1 > 0 and p 2 is a constant.
Lemma 2.
[40] RBF NNs can approximate online an unknown smooth function Q(z) in the form of Q(z) = W T Ψ(z), where z ∈ R q denotes the inputs of the neural network and q represents the dimension of neural network input. W = [w 1 , w 2 , . . . , w m ] T ; w l is the parameter vector and can be adjusted; m indicates the number of neurons.
where µ l and η l are the centers and widths of the Gaussian functions, respectively. RBF NNs can approximate Q(z) to arbitrary accuracy by setting numerous hidden neurons:
the approximation error ε(z) can be adjusted to be arbitrarily small by choosing ideal bounded weight vector. Additionally, |ε(z)| ≤ε ≤ ∞ is a small positive constant:
Main Results
In this section, two algorithms are developed, with the first algorithm in Section 3.1 requiring the information (position, velocity, acceleration) of neighboring vehicles, while the second algorithm in 
Neural Adaptive Control Algorithm Using State Feedback
Firstly, RBF NNs are adopted to approximate online the f i /M i and further construct the model:
where
Then, the position tracking error for the i-th vehicle is defined as:
where d i > 0 is the standstill spacing and h i represents the constant time headway.
To overcome the degradation of system transient performance caused by large nonzero initial position tracking error, a modified position tracking error is defined as:
with:
where e r,i (0) = e r,i (t)| t=0 ,ė r,i (0) =ė r,i (t)| t=0 and ζ i is a positive constant. Thus, we have:
The importance of χ i (t) is that it can transform the nonzero initial position tracking error problem to a zero initial position tracking error problem. It is clear thatē r,i (t) converges to e r,i (t) when χ i (t) converges to zero, where the rate of convergence can be determined by ζ i . Then, an integrated-sliding-mode surface is constructed as:
where λ i is a positive parameter. It is clear that the convergence of the ISM surface s i can makeē r,i (t) be zero.
In order to guarantee the string stability of the whole vehicle platoon, the coupled sliding surface (CSS) is adopted to establish the relationship between the i-th and the (i + 1)-th vehicle:
where β i > 0 is a weighting factor. It should be pointed out that s n+1 is a nonexistent signal, so we set s n+1 = 0. Furthermore, we define the matrices S 1 = [s 1 , s 2 , . . . , s n ] and S 2 = [S 1 , S 2 , . . . , S n ] to depict the whole vehicle platoon. The relationship between S 1 and S 2 can be described as:
where:
The following lemma illustrates the same convergence of s i and S i .
Lemma 3.
[33] (Equivalence of the convergence of the CSS and each sliding surface toward zero): When S i converges to zero, s i also converges to zero at the same time.
Therefore, taking the time derivative of S i in (7), it yields:
Particularly, we know that S n = β n s n when i = n. The time derivative of S n can be written as:
In Figure 3 , the differences between traditional sliding-mode and integrated sliding-mode are shown to illustrate the advantages of the technique used in this paper. e r i r i
The acceleration information of the (i-1)th ,ith and (i+1)th vehicles is necessary, and the nonexistent values with the second-order differentia of velocity are necessary if using the traditional sliding mode.
Note2:
The acceleration information of the ith and (i+1)th vehicles is necessary, and the acceleration information of (i-1)th vehicle is not necessary if using the integrated sliding mode.
Comparing with the traditional sliding-mode approaches, the acceleration information of the followers is not needed using the ISM technique.
Remark 2.
The ISM technique can be employed to avoid the second-order differential of velocity v i caused by adopting the CTH policy.
Accordingly, the designed neural adaptive sliding-mode control algorithm for the whole vehicle platoon is given in the following theorem. Theorem 1. Consider the whole vehicle platoon described by (3) satisfying Assumptions 1 and 2. By using the following controller and adaptive estimation laws,
where k 1 and k 2 are control gains.Ŵ * i andε i are the estimated values of W * i andε i , respectively. ν 1i and ν 2i are small constants. δ 11 , δ 21 , δ 12 and δ 22 are small constants introduced in [40] , which can prevent W * i andε i from drifting to become very large. The following statements hold:
•
The coefficients' estimation errorW * i ,ε i and the signal S i are bounded, as well as converging to the following compact regions, respectively.
where the detailed definition of ϕ and w is given later.
The string stability of the whole vehicle platoon is guaranteed, i.e., |e r,7 | ≤ |e r,6 | ≤ · · · ≤ |e r,1 |.
Proof. Consider the closed-loop dynamics of vehicles as:
where (Ŵ * i Ψ i (z) +ε i ) is used to approximate the unknown driving resistance f i .Ŵ * i andε i represent the estimated values of the optimal weight vector W * i and estimation errorε i , respectively. Then, consider the following Lyapunov function candidate:
Taking the time derivative of (14), it yields:
Based on the Young's inequality:
Then, Equation (15) can be written as:
Meanwhile, we define:
≤ −ωV + ϕ where ω = min{γ 1i , γ 1n } and ϕ = min{ϕ ii , ϕ in }.
According to Lemma 1, we know that V is bounded. Additionally, V ≤ V(0) + ϕ ω with V(0) being the initial value of V when t → ∞. Furthermore, we can know that the coefficients' estimation errorW * i ,ε i and the signal S i converge to the following compact regions, respectively.
It is clear that the signal S i will be limited in a bounded compact region, and the bounds can be adjusted to an arbitrary small value by designing the ideal parameter ω. Furthermore, the position tracking error will be limited in a bounded region.
In addition, the string stability of the whole vehicle platoon can be proven by limiting the ratio, which takes into account the Laplace transform value of the i-th vehicle and its preceding vehicle. Since S i = β i s i − s i+1 = B + , we have:
Taking the Laplace transform of (21), it yields:
Let λ i = λ i+1 . We have:
Thus, if β i satisfies 0 < |β i | < 1; the transient position tracking errors from one vehicle to another vehicle cannot be enlarged, and the string stability of the whole vehicle platoon is guaranteed.
Neural Adaptive Control Algorithm Using Output Feedback
In this section, an output feedback algorithm based on the higher order sliding-mode observer is presented to regulate the motion of vehicles.
Lemma 4. [35]
The velocity v i and acceleration a i of the i-th vehicle can be extracted from position r i based on the high-order sliding-mode observer:
where η i1 , η i2 and η i3 are parameters of the observer.
We assume that the velocity and acceleration of the i-th vehicle can be estimated from the position information with small observation errors: (25) wherev i andâ i represent the observed value of v i and a i , respectively.ṽ i andã i denote the observation error with small positive constants i1 and i2 . Furthermore, we redefine the notations based on Section 3.1:ŝ
Accordingly, we further have the following theorem.
Theorem 2.
Consider the whole vehicle platoon described by (3) . With the application of the controller and the adaptive update laws of the weight parameters of RBF NNs:
We have the following statements:
•
The coefficients' estimation errorW * i ,ε i and the signal S i are bounded and converge to the following compact sets:
where the detailed definition of ϕ 1 and w 1 is shown later.
Proof. The closed-loop dynamics of the vehicle platoon can be formulated as:
Consider the following Lyapunov function candidate:
Taking the time derivative of (30), it yields:
Next, we have:
Consider Young's inequality in (16) and the facts that:
Thus, we have:
Furthermore, we define:
Thus, it yields:V
Using the same analysis as in Theorem 1, we can know that the signal S i and the coefficients' estimation errorW * i andε i converge to the following compact sets:
Additionally, the string stability of the vehicle platoon is guaranteed by choosing 0 < |β i | < 1.
Remark 3.
By using the high-order sliding-mode observer, the velocity and acceleration are effectively obtained. The control objective for the vehicle platoon with only output feedback can be achieved, and the string stability can be guaranteed by the stability theorem.
Remark 4.
Both algorithms can guarantee the boundedness of the tracking error S i , e r,i and the coefficients' estimation errorW * i ,ε i . However, the full state information (position, velocity and acceleration) is required in the first algorithm, while only position information is needed in the second algorithm.
Numerical Simulations
To evaluate the effectiveness and feasibility of the proposed platoon control approaches, numerical simulations are performed in this section. We apply the results to a seven-vehicle platoon.
Simulation Setup
The desired velocity curve is described as: 
Actually, it has been pointed that the reasonable coefficients of spacing policy have significant effects on string stability for the whole vehicle platoon in [41] . We choose the coefficients in (4) with d i = 0.5 and h i = 1 according to the results in [41] . In addition, the initial positions and velocities of the vehicles in the platoon are designed as r L (0) = 12, r i (0) = [11, 9, 7, 6, 4, 2, 0] and v L (0) = 0, v i (0) = 0.
The control parameters of the whole vehicle platoon are listed in Table 1 : 
Simulation Results
• Case 1: Vehicle platoon control using state feedback:
In this case, the algorithm in Section 3.1 is applied to control the vehicles such that the vehicles can move with the desired inter-vehicle distance.
The simulation results are shown in Figure 4 . The tracking performances of velocities and velocity tracking errors are shown in Figure 4a ,b, respectively. The position curves of vehicles and the inter-vehicle distance curves are shown in Figure 4c ,d, which demonstrate that the vehicles in the platoon can move with safe inter-vehicle distance and avoid collisions. In addition, we can see that the inter-vehicle distance between two vehicles is related to the velocity of the vehicle from Figure 4d . It can be seen from Figure 4e that the string stability of the vehicle platoon is achieved, i.e., |e r,7 | ≤ |e r,6 | ≤ · · · ≤ |e r,1 |. The control input curves are shown in Figure 4f . • Case 2: Vehicle platoon control using output feedback:
In this case, the algorithm in Theorem 2 is applied, and the parameters of the higher order sliding-mode observer are designed as η i1 = 30, η i2 = 2, η i3 = 0.5.
From Figure 5a ,b, it is clear that the convergence of the tracking performance of velocity is excellent, and the velocity estimation errors converge to a small region eventually. Meanwhile, the position curves and inter-vehicle distance curves are shown in Figure 5c ,d, which are as good as those in Figure 4c ,d. The position tracking error curves are shown in Figure 5e , and it is clear that |e r,7 | ≤ |e r,6 | ≤ · · · ≤ |e r,1 |. Meanwhile, it can be seen from Figure 5f that the observation errors of acceleration are limited to a small region.
It is worth pointing out that the convergence time of two algorithms is similar. From the results in Figures 4e and 5e , we can see that the time consumptions of the two algorithms for the position tracking errors reaching the desired region are both about 50 s. However, only the position information is required in the second algorithm. • Case 3: Comparative analysis:
In order to illustrate the advantages of the proposed algorithm compared with the method in [31] , the algorithm in [31] is adopted to track the same desired velocity curve in (39) . Figure 6a ,b shows the tracking performance of the control algorithm in [31] . It should be noted that the inter-vehicle distance converges to a constant value (10 m) in Figure 6b . Compared with the results in Figures 4d and 5d (the inter-vehicle distance is related to the velocity of the vehicle, i.e., when v i = 10 m/s and 20 m/s, r i = 10.5 m and 20.5 m, respectively), the control effects using the protocol in [31] seem too rigid. In addition, it should be pointed out that the algorithm in [31] achieves the control effects in Figure 6 by using state feedback. Above all, the proposed algorithm in this paper is more practical and pragmatic. 
Conclusions
To simplify IFT, rationalize FG and reduce the communication load, this paper presents a novel output feedback control algorithm for the whole vehicle platoon based on a bidirectional communication strategy and the CTH policy. By using the ISM technique, a neural adaptive sliding-mode control algorithm is designed to ensure the desired inter-vehicle space. In order to decrease the communication load, a higher order sliding-mode observer is employed to estimate the information of velocity and acceleration, and an improved control protocol is further proposed for the vehicle platoon using only position information. The string stability of the vehicle platoon is proven through the stability theorem. Numerical simulations are provided to verify the feasibility and effectiveness of the proposed control methods.
